Acetylene brings about a progressive inactivation of ammonia mono-oxygenase, the ammonia-oxidizing enzyme in Nitrosomonas europaea. High NH4+ ion concentrations were protective. The inactivation followed first-order kinetics, with a rate constant of 1.5min-' at saturating concentrations of acetylene. If acetylene was added in the absence of 02, the cells remained active until 02 was re-introduced. A protective effect was also demonstrated with thiourea, a reversible non-competitive inhibitor of ammonia oxidation. Incubation of cells with ['4C]acetylene was found to cause labelling of a single membrane polypeptide. This ran on dodecyl sulphate/polyacrylamide-gel electrophoresis with an Mr value of 28 000. It is concluded that acetylene is a suicide substrate for the mono-oxygenase. The labelling experiment provides the first identification of a constituent polypeptide of ammonia mono-oxygenase.
a suicide substrate for the mono-oxygenase. The labelling experiment provides the first identification of a constituent polypeptide of ammonia mono-oxygenase.
The nitrifying bacterium Nitrosomonas europaea gains energy from the oxidation of ammonia, and the name ammonia mono-oxygenase has been given to the enzyme responsible for the initial hydroxylation reaction (Hyman & Wood, 1983 ): NH3 + 2[H] + 02-NH2OH + H2O It has recently become clear that this enzyme can also bring about a range of organic oxidations, including alkane and arene hydroxylations and conversion of alkenes into epoxides (Drozd, 1980; Hyman & Wood, 1984) . With other broadspecificity oxygenases, it has frequently been found that the attempted oxidation of certain chemicals results in inactivation of the enzyme, either on the first or on multiple turnovers. Many such suicide substrates are known for cytochrome P-450 (Ortiz de Montellano & Correia, 1983) . For example, incubation of hepatic cytochrome P-450 with acetylene in the presence of NADPH and 02 leads to production of an inactive green pigment, which has been shown to contain N-alkylated haem (Kunze et al., 1983) . Suicide substrates provide a highly specific means of labelling an enzyme's active site, as well as information on the mechanism of the catalytic process. Hynes & Knowles (1978 have shown that acetylene is a potent inhibitor of ammonia oxidation in Nitrosomonas europaea. The oxidation of hydroxylamine was-not impaired. Their experiments demonstrated that the inhibition was not * To whom all correspondence should be addressed.
Vol. 227 readily reversible. Full recovery of cells exposed to acetylene took at least 10 days and appeared to require the synthesis of fresh protein. They reported acetylene inhibition to be non-competitive with respect to ammonia, with a very low K, value of 0.25uM. In conclusion they stated 'the mode of action of acetylene on this enzyme is not known'. Many of the experiments described below make use of 02-uptake rates, measured with an oxygen electrode. It should be noted that the cells show a low rate of respiration with no added reductant or with the mono-oxygenase totally inhibited (Hyman & Wood, 1983) . The rate of 02 uptake with NH4+ present is normally much higher than this endogenous rate, and consequently provides a good measure of the rate of ammonia oxidation. The stable product is nitrite, with no accumulation of hydroxylamine unless its oxidation is prevented (Dua et al., 1979) .
Experimental Cell growth and usage
Cell growth and harvesting were as described in Hyman & Wood (1983) , except for the addition of 1 UM-CUSO4 to the growth medium. The washed cells were resuspended in 50mM-sodium phosphate buffer, pH 7.7, containing 2mM-MgCl2, at about 0.2g wet wt./ml, stored at 0°C and used within 24h. The same medium was used in the experiments, unless otherwise specified. Protein was assayed by the method of Lowry et al. (1951) , with bovine serum albumin as standard. Chemicals Acetylene (commercial grade; British Oxygen Co., Bristol, U.K.) was passed through a wash bottle containing 10% (w/v) Cu2SO4,5H,O solution. A saturated solution was prepared by bubbling the scrubbed gas through a fine syringe needle into a test tube containing buffer at 0°C, the solubility at 1 atm pressure being 77mM (Washburn, 1928) . A more-dilute stock solution was prepared by adding a measured volume of this solution to a 10mI flask filled with medium at 0°C and sealed with a Subaseal stopper (Gallenkamp, London, U.K.). Such solutions were stored at 0°C and used within 1 h of preparation.
Other chemicals were research-grade products of BDH Chemicals (Poole, Dorset, U.K.), unless otherwise stated.
Oxygen measurement 02 measurements were made with an oxygen electrode at 30°C as described in Hyman & Wood (1983) . The 0, solubility in air-saturated medium was taken to be 230juM (Truesdale & Downing, 1954) .
Labelling with [14C]acetylene
[U-'4C]Acetylene (99% pure, 1 l5Ci/mol) was purchased from Amersham International (Amersham, Bucks., U.K.) and stored at -20°C. The gas was supplied in sealed ampoules, each containing 1 mCi. Each ampoule terminated in a conical section designed for connection to a vacuum line. This was fitted into a ground-glass socket at the mouth of a I00ml Quickfit conical flask. The flask contained 100 ml of medium, and also a clean steel rod. NH4C1 and cells were added to respective concentrations of 1 mm and 0.74mg of protein/ml. For a control experiment, thiourea was added to a final concentration of 2OjiM. The system was equilibrated on a shaking water bath at 30°C. The acetylene was then released by inverting the flask and ampoule, allowing the rod to break the glass seal of the ampoule. The flask and ampoule were then shaken thoroughly, to ensure equilibration of the acetylene with the aqueous phase. The system was left for a 15min incubation. The cells were then sedimented by centrifugation (25 0OOg for 10min) and resuspended in 10ml of medium, plus 20,uM-thiourea. After four washes in this medium the cells were resuspended in 10ml of 50mM-sodium phosphate buffer, pH7.0, and broken by three cycles of freezing and thawing as described by Miller & Wood (1982 (M, 14200) . The gels were fixed in methanol/acetic acid/water (45 :9:46, by vol.) and stained with Coomassie Brilliant Blue. For the detection of radiolabelled polypeptides the gels were treated for fluorography as described by Bonner & Laskey (1974) . Fluorographs were produced with the use of Kodak Kodirex Kt X-ray film and a 4-day exposure time.
Results
Progressive nature of the inhibition and productioni hY ammonia In the experiments of Hynes & Knowles (1978) inhibition by acetylene took 10-15min to reach its full extent. They added acetylene to the gaseous phase above a suspension of cells, and commented that the time lag could simply reflect the rate of equilibration of acetylene with the aqueous phase. This possibility was avoided in the present experiments by adding acetylene in aqueous solution to cells in an oxygen-electrode chamber. At pH 7.7 the NH4+ concentration giving half the maximal rate of oxidation (i.e. the Km value) is about 1 mM (Suzuki et al., 1974) . Consequently, rates of 02 uptake with 50mM-, 30mM-and 10mM-NH4+ were essentially the same. The traces in
Figs. 1(b) , 1(c) and 1(d) show profiles for 02 uptake in the presence of these concentrations of NH4+, plus 25 pM-acetylene. The profiles demonstrate the progressive nature of the inhibition.
It can also be seen that the rate of inhibition fell as the NH4+ concentration was increased. This protective effect of high NH4+ concentrations implies a competition between NH4+ and acetylene for the active site of the mono-oxygenase. Contrary to this, Hynes & Knowles (1982) reported acetylene to act as a non-competitive inhibitor. They studied the effects of low concentrations of acetylene (0.04, 0.2, 0.38 and 1 .9 gM) on the amount of ammonia consumed during a much longer incubation, 2 h in length. It is likely that the bulk of the acetylene was consumed at a relatively early stage, in which case the concentration of active enzyme present for most of the time course would be independent of the ammonia concentration. Inhibition follows first-order kinetics The simplest kinetic model for an irreversible inhibitor that competes with a substrate for an active site on an enzyme is as follows (Dixon & Webb, 1979) :
It is assumed that the formation of an enzymeinhibitor complex (EI) can occur reversibly, but that the complex can also give rise to an irreversible complex (E-I), at a rate given by k2. An important test of suicidal inactivation is that the rate of inactivation should follow first-order kinetics. In the case of ammonia mono-oxygenase, the loss of activity that occurs in the presence of acetylene can be followed easily by monitoring the rate of 02 uptake in an oxygen-electrode incubation. A series of experiments was conducted where whole cells were incubated in an oxygen electrode with 2mM-NH4+ and various concentrations of acetylene (0-5yM). Fig. 2 shows logarithmic plots of the rate of 02 uptake as a function of time. The straight lines produced imply a first-order rate of inactivation of the mono-oxygenase.
Inactivation rate at saturating acetylene concentrations
The slope of each line in Fig. 2 can be quantified as a pseudo-first-order rate constant for loss of activity, kinact.: kinact.t =-In (fractional activity remaining at time t) If the dissociation constant of the enzymeammonia complex is denoted by K., the following relationship links kinact. to the rate of inactivation at saturating concentrations of acetylene, k2 (Dixon & Webb, 1979 After a set length of time, 10mM-NH4+ was added and the resultant 02 uptake rate was determined. With such a high NH4+ concentration further inactivation could be ignored. The kinetics of inactivation corresponded to kinact. = 0.9min-1, both in the absence and in the presence of added reductant. This is somewhat lower than the value of k2 derived above, implying that the acetylene concentration was not saturating. Our earlier experiments have shown that organic substrates for mono-oxygenase are hydroxylated much faster if reductant is added (Hyman & Wood, 1984) .
Since reductant had no effect on the rate of inactivation, one must conclude that the rate of supply of reducing power is not a limiting factor. This implies a low Vmax. or inactivation at the first turnover.
Vol. 227 Time (min) Fig. 2 (Hyman & Wood, 1984 (Lees, 1952) . Thiourea inhibition is also largely reversible *by simple washing of exposed cells (Hooper & Terry, 1973) . In contrast, the inhibition brought about by acetylene is irreversible (Hynes & Knowles, 1982) . Table 1 shows results from an investigation into the effect of thiourea on inactivation by acetylene. Flask A served as a control. Flask B was treated with thiourea (20gM). After multiple washing, over 50% of its original activity was recovered. Flask C was treated with acetylene.
After washing only 3.3% of the original O2-uptake activity remained. Finally, flask D was treated with acetylene after thiourea had been present for several minutes. When washed as for the other flasks, the activity was almost as high as for thiourea treatment alone. It should be noted that thiourea was included in the first washing step, to ensure that the enzyme remained inactive until all acetylene had been removed. Omission of this precaution led to a much lower final activity. The results demonstrate convincingly that thiourea protects against inactivation by acetylene.
Labelling oJ a specific polypeptide Cells were incubated with ['4C]acetylene, either in the presence or in the absence of thiourea. They were washed thoroughly, broken by freezing and thawing and separated into soluble and membrane fractions. These fractions were treated with sodium dodecyl sulphate, and loaded on to separate tracks of a sodium dodecyl sulphate/polyacrylamide gel. After electrophoresis the gel was stained for protein and photographed (see Fig. 4) . The gel was then treated for fluorography. As shown in Fig. 4 , a single membrane protein was strongly radioactive, and labelling was greatly diminished by the presence of thiourea. The labelled polypeptide ran with an apparent Mr of 28 000. No labelling could be detected in the supernatant.
Phenylacetylene
Ammonia mono-oxygenase is known to be capable of hydroxylating simple aromatic compounds such as benzene (Drozd, 1980) . The behaviour of phenylacetylene was therefore tested. It caused progressive inactivation of ammonia oxidation, in a manner similar to that of acetylene (see Fig. 5 ). A parallel experiment with an NH4+-ion-selective electrode confirmed that NH4+ oxidation was being inhibited. The inhibition could not be reversed by washing.
Discussion
The designation of an enzyme inactivation as suicidal can only be made if specific criteria are satisfied (Abeles & Maycock, 1976) . One is that the inactivation should be irreversible, as was established for the present system by Hynes & Knowles (1982) . Another is that activity should decline exponentially with time, as shown in Fig. 2 . This implies that the rate of inactivation is proportional to the concentration of active enzyme, as expected if the inactivation process occurs before the release of an activated product into the surrounding medium. Thirdly, the inhibition should be competitive with respect to the normal substrate, with high substrate concentrations providing protection. This was demonstrated in Fig. 1 . Fourthly, the enzyme must be catalytically competent for inactivation to occur. With ammonia monooxygenase studied in whole cells, it is not possible to cut off the supply of reducing power effectively. However, inactivation has been shown to require the presence of 02 and is prevented by a reversible non-competitive inhibitor (Table 1) . These observations are consistent with attempted oxidation of acetylene before inactivation of the enzyme. We Table 1 . Protection of ammonia mono-oxygenase by a reversible inhibitor A lOml portion of medium was placed in each of four lOml flasks (A to D), plus cells at 1.71 mg of protein/ml and 1 mM-NH4+. The flasks were closed with Subaseal stoppers and placed in a shaking water bath at 30°C. Samples (50pl) were withdrawn from each flask and assayed for rate of 02 uptake in the presence of 10mM-NH4+ as described for Fig. 5 . After 10min, thiourea (20pM) was added to flasks B and D, and acetylene (150pM) was then added to flasks C and D. After incubation for 30min, the cells were sedimented by centrifugation (25000g for 10min). For flask A resuspension was in lOml of medium, and for flasks B-D in lOml of medium plus 20gM-thiourea. The cells were then washed four times with medium plus 0.3mM-NH4+, and were finally resuspended in lOml of medium alone. Samples (50l) were withdrawn and assayed as before. The Figure shows results of oxygen-electrode experiments, with a medium consisting of 3 ml of 15 mM-Hepes/NaOH buffer, pH 7.7, containing 2mM-MgCl2. After addition of NH4+ (1 mM), 02 uptake was initiated by adding cells to 1.32mg wet wt./ml. Phenylacetylene was present at the following concentrations: (a) none; (b) 3.3pM; (c) 6.6pM; (d) 9.9 pM. It was added from a stock solution in dimethyl sulphoxide.
have also demonstrated that inactivation is associated with covalent attachment of carbon from acetylene to a specific polypeptide. Thiourea protected against labelling by acetylene, just as it protected against permanent inactivation.
Since oxidation of ethylene by ammonia mono-oxygenase results in the formation of ethylene oxide (Hyman & Wood, 1984) , it might be expected that acetylene oxidation would yield an unsaturated epoxide. As discussed by Ortiz de Montellano & Kunze (1980) in connection with cytochrome P-450 inactivation by acetylenes, such compounds (oxirenes) are much less stable than epoxides, because of strain and electronic effects, and indeed are only known by indirect evidence. Ammonia mono-oxygenase is inhibited by chelating agents for cuprous copper (e.g. thioureas) and has other properties strongly suggestive of a copper enzyme, as discussed by Shears & Wood (1985) . The unsaturated epoxide, or its immediate decomposition product, may attack one or more of the amino acid side chains that bind the (putative) copper. This may be compared with the inactivation of the copper enzyme dopamine fl-monooxygenase by derivatives of allylbenzene (Rajashekhar et al., 1984) . The purification of ammonia mono-oxygenase has not yet been carried beyond the stage of a crude cell-free extract (Suzuki et al., 1981) . Thus the present experiments provide the first identification of a constitutent polypeptide, of apparent M, 28 000. In substrate specificity and inhibitor sensitivity the mono-oxygenase is very similar to the membrane form of methane mono-oxygenase, as discussed in Hyman & Wood (1983) . Stanley et al. (1983) have shown for Methylococcus capsulatus (Bath) that synthesis of the membrane enzyme requires addition of copper to the growth medium, and coincides with the appearance of membrane proteins with apparent Mr values of 23000, 25000 and 45000 (Dalton et al., 1984) . It is not yet clear which of these polypeptides contains the active site. Since acetylene inhibits methane monooxygenase, in both membrane and soluble forms (Stirling & Dalton, 1979) , labelling experiments should give interesting results.
The discovery of a suicide substrate for ammonia mono-oxygenase is also significant for a very different reason, which arises from the agricultural implications of nitrification (Stewart, 1983 (Chiba et al., 1973) .
